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Artículo  
 
 Alírio E. Rodrigues is Professor of Chemical Engineering at the Chemical Engineering 
Department of the Faculty of Engineering, University of Porto where he teaches 
Separation Processes II, Chemical Reaction 
Engineering II & III and Product Engineering. 
He is Director of the Associate Laboratory 
LSRE- Lab. of Separation and Reaction 
Engineering. He spent sabatical leaves at 
Univ. Tech. Compiègne (1983), Univ of 
Virginia (1988) and Univ Oviedo (1991). His 
research interests are focused on : i) Cyclic 
Separation/Reaction Processes (PSA, SMB, 
parametric pumping, EBA; SMBR, SERP) and 
new adsorbents (MOFs) applied to CO2 
capture by adsorption, chiral separations, 
sugars separations, xylenes separations, 
propane/propylene separations, synthesis 
of green solvents and biofuels; ii) Multiscale 
modeling in Reaction Engineering and iii) Perfume Engineering.  
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ABSTRACT – Chemical Engineering today combines Molecular and Materials Engineerig and 
Process and Product Engineering (ChE=M2P2). Cyclic adsorptive processes (Simulated Moving 
Bed –SMB and Pressure Swing Adsorption-PSA) will be discussed for “old” and “new” 
applications making use of “old” and “new” (MOFs) adsorbent materials. After revisiting my 
memory as PhD student and the First Brazilian Adsorption meeting I will review the basic 
concepts involved in adsorption processes and then concentrate in three topics: i) 
Development of alternative technologies for the “old” propane/propylene separation, based 
on PSA and SMB with “conventional” and “new” MOF adsorbents; ii) Revisiting an “old” 
technology – SMB- in what concerns xylenes separation and “new” chiral separations; and iii) 
Process intensification combining catalytic reversible reactions with selective removal of 
products by adsorption in Simulated Moving Bed Reactor (SMBR) and Sorption Enhanced 
Reaction Process (SERP) for hydrogen production by methane steam reforming or ethanol 
reforming with CO2 capture. Some examples of SMBR from my lab include acetalization 
(synthesis of green fuel blending agents diethylacetal and dibuthyl acetal) and esterification 
(ethyl lactate) reactions and xylenes isomerization/separation. 
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1. INTRODUCTION 
I was recently in Recife for the First 
Ibero-American Meeting in Adsorption 
(IBA 1) and EBA 9. The First Brazilian 
Meeting on Adsorption (EBA 1) took 
place in Fortaleza (1996). Plenary 
lectures were given by Ruthven, 
Mazzotti and myself. My talk was 
“Understanding adsorption: wave 
propagation, cycles, permeable 
adsorbents and hybrid processes.  
The outline of that lecture covered: 
Equilibrium theory (De Vault, 1943; 
concepts of dispersive and compressive 
fronts), Design methodology, Cycles 
(Parametric pumping, PSA, SMB), 
Permeable adsorbents and Hybrid 
processes. In the 90’s I was deeply 
involved with perfusion 
chromatography for proteins 
separation and competition between 
reaction, convection and diffusion in 
permeable catalyst. 
When I received the invitation of the 
organizing committee (through my 
former PhD student Diana Azevedo, 
now Professor at UFC) I accepted with 
pleasure and thought about a title. 
Being exposed everyday to TV publicity 
“Nespresso. What else” it was easy to 
find the title of the talk. The content 
came afterwards...The invitation of 
Sofia Calero to write an article for 
“Materiales for Adsorción y Catálisis” 
allows me to elaborate along the same 
lines. 
Last year I was invited by UOP to give a 
Lecture in Des Plaines on “Cyclic 
Adsorption/Reaction Processes: Old 
and New”. I reviewed my involvement 
with Adsorptive Processes for 40 years 
starting with my PhD (1973, Nancy, 
France) on “Application of chemical 
engineering methodology to Ion 
Exchange. Example of the anionic step 
in water demineralisation” under the 
guidance of Le Goff and Tondeur. 
From that time in Nancy (1970-1973) I 
remember Professor Pierre Le Goff; he 
used to say that any chemical 
engineering problem (and adsorption is 
just one example) can be dealt with by 
writing: 
i) conservation equations (mass, 
energy, momentum, electric 
charge); 
ii) equilibrium laws at interfaces; 
iii) kinetic laws of transport and /or 
reaction; 
iv) constitutive laws (e.g., ideal gas 
law); 
v) boundary and initial conditions; 
vi) optimization criterion 
 
He also said once “Le Génie Chimique 
c’est pas de la plomberie” ... 
 
In 1978 I was back in Porto (after my 
African experience in Angola) and I 
visited UOP in relation with the 
organization of a NATO Advanced Study 
Institute on “Percolation Processes”. I 
had the opportunity to meet the 
inventors of Sorbex processes and had 
lunch with D. Broughton. I liked the idea 
of Simulated Moving Bed (SMB) but for 
one reason or another I had to wait until 
1992 to start experimental work on SMB 
on chiral separations: “new” application 
for an “old” technology. It was a EU 
Project involving SEPAREX and by the 
end of the Project the coordinator Roger 
Marc Nicoud started the company 
NOVASEP which is now leader for SMB in 
pharma industry. By the way the SMB I 
still have in my laboratory LICOSEP 12-26 
was the first or the second built by the 
company (I have to sort it out with 
Nicoud and Joachim Kinkel who was with 
Merck at the time).  
In this article I will start to present my 
view of Chemical Engineering today and 
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why we do research in this area. Then I 
will concentrate on Cyclic adsorptive 
processes (Simulated Moving Bed –SMB 
and Pressure Swing Adsorption-PSA) and 
discuss “old” and “new” applications 
making use of “old” and “new” (MOFs) 
adsorbent materials. I will review the 
basic concepts involved in adsorption 
processes and then treat three topics: i) 
Development of alternative technologies 
for the “old” propane/propylene 
separation, based on PSA and SMB with 
“conventional” and “new” MOF 
adsorbents; ii) Revisit an “old” 
technology – SMB- in what concerns 
xylenes separation and “new” chiral 
separations; and iii) Process 
intensification combining catalytic 
reversible reactions with selective 
removal of products by adsorption in 
Simulated Moving Bed Reactor (SMBR) 
and Sorption Enhanced Reaction Process 
(SERP) for hydrogen production by 
methane steam reforming or etanol 
reforming with CO2 capture. Some 
examples of SMBR from my lab include 
acetalization for synthesis of green fuel 
blending agentes such as diethylacetal 
and dibuthyl acetal; esterification for the 
synthesis of green solvent ethyl lactate 
and xylenes isomerization coupled with 
separation. 
 
2. CHEMICAL ENGINEERING TODAY 
AND RESEARCH GOALS 
The “old” vision of Chemical 
Engineering going from raw materials 
to products through a chain of reactors 
and separation units may be seen as 
outdated. But I still remember a 
presentation of that view by Le Goff in 
which he added some arrows showing 
the relation with Energy, Environment 
and Market (Society is better!...and 
“Old” does not mean “bad”).  
Solke Bruin [1] in his Innaugural Lecture 
at TU Eindhoven “Product-driven 
Process engineering. The eternal 
triangle molecules, product, process” 
presented a losenge with Reaction, 
Separation, Stabilizing and Structuring 
operations. He also pointed out the 
evolution from “Make” to “Service” to 
“Care”. 
Today there is ongoing discussion 
about the third paradigm of Chemical 
Engineering to follow the previous 
paradigms of Unit Operation and 
Chemical Engineering Science. 
 
Figure 1. “Old” vision of ChE by Pierre 
Le Goff 
In my view Molecular Engineering will 
become more and more important 
allowing design of processes with 
molecular simulation tools but one 
must recognize that at the end 
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processes and products will be real, not 
virtual.  
I sumarize my view in the formula 
ChE=M2P2 where MM stands for 
Molecular and Materials Engineering 
and PP for Process and Product 
Engineering or in the ChE Diamond 
shown in Figure 2. 
Figure 2. The Chemical Engineering 
Diamond: My vision of Chemical 
Engineering today ChE=M2P2 
In academia we do research. It can be 
done for “Teaching by research” as 
Le Goff said once but also to develop 
processes and products in a sustainable 
way through the right combination of 
Science and Technology as shown in the 
Innovation Triangle of Figure 3. Triangle 
representation is convenient; as Jorge 
Sábato said “it is the more complex 
figure that an economist” can 
understand (I added ...a politician). He 
also said that in Science “one should 
not copy” but in technology “copy 
everything you can; publicize 
everything you find; keep carefully 
everything you know”. It would be in 
the words of Almeida Santos, a former 
President of Portuguese Parlement: 
“ouvir muito, falar pouco, escrever 
menos”... I can understand the last 
part- he was a lawyer! 
 
 Figure 3. The innovation triangle 
Here I would like to write the minimum 
information one should remember to 
understand adsorption column 
behavior. I would say that column 
behavior is affected by equilibrium 
factors (first degree!) and kinetic 
factors (hydrodynamics, film mass/heat 
transfer, intraparticle diffusion/ 
convection... which I call second degree 
factors). If one wants to understand the 
influence of the shape of equilibrium 
adsorption isotherms then an 
equilibrium model of the adsorption 
column should be considered by 
assuming infinitely fast mass transfer, 
no axial dispersion, negligible pressure 
drop, isothermal operation. Le Goff 
would have called it “simplissime 
model” and Levenspiel “a 10$ model”. 
But this is what Don de Vault [2] did: 
combining mass balance, Eq 1 and 
adsorption equilibrium isotherm, Eq 2.  
 (1) 
   (2) 
and considering that 
       (3) 
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we get the velocity of propagation of a 
concentration ci in the bed 
 (4) 
From Eq 4 it is clear that column 
adsorption is nothing more than 
propagation of a concentration wave; 
each concentration travels with a 
velocity inversely proportional to the 
slope of the adsorption isotherm. If the 
adsorption equilibrium isotherm is 
unfavorable the wave is dispersive 
(Figure 4); if the isotherm is favorable 
(Langmuir type) the wave is 
compressive (Figure 5) with a limit: 
shock with velocity given by Eq 5. 
  (5) 
Figure 4. Unfavorable isotherm and 
dispersive wave (already smoothed 
with dispersive effects). 
It is now clear that the shape of the 
breakthrough curve, i.e., concentration 
at the column outlet versus time, is 
influenced by the shape of the 
equilibrium isotherm and it is 
appropriate to bring Langmuir to the 
front (Figure 6).  
 
Figure 5. Favorable isotherm and 
compressive wave (already smoothed 
with dispersive effects) 
 
Figure 6. I. Langmuir –adsorption 
equilibrium isotherms first! 
The simplest way of introducing mass 
transfer resistances is through a Linear 
Driving Force (LDF) model following 
Glueckauf (Figure 7) – the rate of 
adsorption is proporcional to the 
driving force (difference between 
adsorbed concentration at the particle 
surface and the average adsorbed 
concentration inside the particle, 
assumed with homogeneous structure 
for simplicity) 
 
ni
*
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c
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z
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¶ni
¶t
= kLDF (ni
* -ni )   (6) 
Obviously we need to estimate kLDF and 
many times we see kLDF =15 Dpe/Rp
2
; this 
is fine for porous particles but not for 
homogeneous particles where 
kLDF=15Dpe/Rp
2 · (dqi/dci).  
 
Figure 7. E. Glueckauf; the LDF 
approximation to mass transfer kinetics 
Kinetic factors will make corners in 
breakthrough curves, calculated from 
the equilibrium model, more smooth; if 
the isotherm is favorable adding kinetic 
factors will lead to the constant-pattern 
behavior (concentration front travels in 
the column keeping its shape), if the 
isotherm is unfavorable kinetic factors 
add a bit of dispersion to an already 
dispersive front and if the isotherm is 
linear and kinetic factors are important 
no constant-pattern can be obtained 
(which is different of assuming-
wrongly-that it can!).  
4. CYCLIC ADSORPTION PROCESSES. 
NEW TECHNOLOGIES FOR AN OLD 
SEPARATION (PROPANE/PROPYLENE) 
The propane/propylene separation is 
currently done by distillation in two 
columns (C3 splitter) with 250 trays. 
This is because of low relative volatility: 
1.0-1.1 at 244-327 K and 1.7-22 bar. 
The recycle feed rate is high: 11-14 and 
the energy consumption is 1.7 
 MWh/ton of Polymer Grade Propylene. 
Two alternative technologies are 
considered : PSA with “old” adsorbents 
(4A zeolite) or “new” adsorbents (MOF 
CuBTC) and SMB in gas phase. 
For PSA with 4A zeolite the selectivity 
towards propylene is much higher 
when compared with distillation as 
shown in Figure 8. 
Figure 8. Equilibria for propylene/ 
propane: adsorption in 4A zeolite 
compared with distillation. 
This looks nice but....high purity and 
high recovery of propylene are needed 
and the propylene is the more retained 
species; it means that it has to be 
recovered in the blowdown step which 
requires vacuum! This is in fact a 
kinetic-controlled separation in which 
propane slowly enters 4A zeolite 
crystals. The adsorption equilibrium 
isotherms are shown in Figure 9. It is 
worth looking at the propane 
adsorption isotherms in 4A zeolite; with 
3 h equilibration time we only get 
“pseudo-isotherms”; equilibrium requi-
res almost a week contact time at those 
temperatures as shown in Figure 9b. 
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The problem is when molecular 
simulations use the “pseudo-isotherm” 
to set force field parameters [3]  
In a typical problem the feed will have 
40% propylene at 2.5 bar and 323 K and 
the products will be propylene > 99.5% 
at 25 bar and 323 K and propane with 
< 3.5% propylene at 4.5 bar. A VSA 
cycle was designed to test the system 
as shown in Figure 10. At the end it is 
feasible to respect the constraints if 
one uses a front PSA followed by a tail 
PSA (Figure 11) but at the moment the 
energy consumption is somewhat 
higher than in distillation [4]. 
Figure 9. Adsorption equilibrium 
isotherms for propylene (a) and 
propane (b) in zeolite 4A. 
New MOF adsorbents were also 
considered, namely CuBTC shaped by 
KRICT in the framework of the EU 
Project MACADEMIA [5].  
 
 
 
Figure 10. VSA cycle for 
propane/propylene separation with 4A 
zeolite. 
 
Figure 11. Front and tail PSA for the 
separation propane/propylene. 
We also looked at the possibility of 
using SMB technology for separation in 
gas phase using 13X zeolite as 
adsorbent. Again the methodology 
started with the measurement of 
isotherms in the range of 323K-383K. 
This work was also supported by 
molecular simulation studies [6]. Then 
breakthrough tests were carried out at 
373K, 1.5 bar and 1 SLPM to choose a 
good desorbent for the separation. 
Isobutane was found to be a good 
candidate (Figure 12). 
The process has been patented [7] and 
shown to be feasible [8] as indicated by 
the separation region calculated in 
Figure 13. 
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Figure 12. Desorption by isobutane of a 
column saturated with 
propane/propylene mixture.  
Figure 13. Separation region for the 
propane/propylene separation in gas 
phase SMB. 
5. OLD TECHNOLOGY (SMB) FOR OLD 
(PARA XYLENE) AND NEW (CHIRAL) 
SEPARATIONS 
One of the most important applications 
of SMB technology is the PAREX 
process to revove p-xylene from a 
mixture of C8 isomers. A sketch is 
shown in Figure 14; the adsorbent is a 
FAU type zeolite and the desorbent is 
p-diethylbenzene. The operating 
conditions are 9 bar and 453K and the 
SMB contains 24 beds in a 
configuration 5-9-7-3 (roughly 
speaking...) 
 
Figure 14. The Parex process 
A problem of interest is the revamping 
of PAREX units. For that it is important 
to analyze the effect of changes in the 
switching time on the overall 
performance of the unit. It can be seen 
in Figure 15 that decreasing the 
switching time leads to a sharp increase 
in productivity but ...up to a limit where 
productivity strongly decreases 
because the contact time is not long 
enough to allow mass transfer of 
species from the liquid to the 
adsorbent material [9]. 
Figure 15. Effect of switching time in 
productivity and desorbent 
consumption.  
I already said that SMB research in my 
lab started with chiral separations in a 
system LICOSEP 12-26. The equipment 
shown in Figure 16 is now almost 20 
years old and was key for the PhD 
thesis in SMB and SMBR.  
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Figure 16. The “old” SMB LICOSEP 
12-26. 
 
Figure 17. The FlexSMB-LSRE unit 
We decided to built in the lab a more 
flexible unit, the FlexSMB-LSRE, (Figure 
17) in which we can implement various 
modes of operation (convencional, 
VARICOL, OSS, etc). Details of the 
equipment are described in [10] and a 
chiral separation of tetralol 
enantiomers is shown to illustrate this 
“new” application of SMB separation 
process (Figure 18). 
Figure 18. SMB profiles for S-tetralol 
(squares) and R-tetralol (diamonds).  
 
6. PROCESS INTENSIFICATION: SMBR 
AND SERP 
I dedicated much of my research effort 
to SMBR and SERP which are nothing 
more than chromatographic reactors, 
combining reaction and separation in 
the same unit. The basic idea is to 
adsorb selectively one of the reaction 
products displacing the reaction 
equilibrium to get 100 % conversion of 
the limiting reactant and get a pure 
product in a desorbent. It is true that 
the first application in Diana Azevedo 
thesis was a combination of sucrose 
inversion and separation Gl/Fr and in 
such case the reaction is irreversible. 
The question is to find niche 
applications where one can succeed. In 
my lab we have studied synthesis of 
acetals by reacting acetaldehyde and 
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alchools; as examples DEE (from 
ethanol) and DBE (from butanol) were 
produced using Amberlyst 15 as 
catalyst and selective adsorbent to 
water. The acetal product leaves the 
SMBR in the raffinate stream diluted 
with etanol or butanol. In the case of 
DEE the work was patented [11] and 
received the IChemE Award [12]. A 
problem with the catalyst/adsorbent is 
that it strongly adsorbs water and 
therefore too much desorbent 
(ethanol) is required to clean the 
adsorbent. A scheme is shown in Figure 
19. 
Figure 19. Flowsheet of DEE synthesis 
by SMBR.  
An improvement can be made with the 
PermSMBR technology which combines 
the classic SMBR with pervaporation 
membranes providing a better removal 
of water from the reaction media [13]. 
This was illustrated in the synthesis of 
ethyl lactate; a review of 
chromatographic reactors based on a 
plenary lecture at CAMURE 2011 was 
published [14].  
We have dedicated some effort to 
study Sorption Enhanced Reaction 
Processes (SERP) for hydrogen 
production by coupling Steam Methane 
Reforming (SE-SMR) with CO2 sorption 
in hydrotalcite materials [15] or CaO 
[16] or Steam Ethanol Reforming (SE-
SER) [17]. This comes from an old idea 
patented by Air Products; the idea is 
again to displace thermodynamic 
equilibria by removing CO2 in situ by 
sorption and allowing operation at 
lower temperature than in 
conventional steam reforming. 
7. THE FUTURE...IF WE CAN PREDICT 
We all know that economists can 
“predict” after the events happen! 
Engineers must solve problems with a 
minimum of information available and 
for that tools of modeling and 
simulation are of prime importance. If I 
follow the Chinese philosopher Lao Tsu 
"To obtain Knowledge, add things 
everyday; to get Wisdom, delete things 
everyday", and since life time is limited, 
research should be done to tackle 
challenging problems but also to be 
happy…just for fun!. We should be 
optimistic in the globalization era; as N. 
Nilekani noted “the playing field is 
being leveled” and there are plenty of 
opportunities and problems to be 
explored and solved! New adsorbent 
materials -MOFs- bring lots of 
excitement but the key is to find the 
right process application. The challenge 
is to design, produce at 1 g and 1 kg 
scale and shape the adsorbent for a 
predefined application!  
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